Recent advances have been made in the genetics of two human communication skills: speaking and reading. Mutations of the FOXP2 gene cause a severe form of language impairment and orofacial dyspraxia, while single-nucleotide polymorphisms (SNPs) located within a KIAA0319/TTRAP/THEM2 gene cluster and affecting the KIAA0319 gene expression are associated with reading disability. Neuroimaging studies of clinical populations point to partially distinct cerebral bases for language and reading impairments. However, alteration of FOXP2 and KIAA0319/TTRAP/THEM2 polymorphisms on typically developed language networks has never been explored. Here, we genotyped and scanned 94 healthy subjects using fMRI during a reading task. We studied the correlation of genetic polymorphisms with interindividual variability in brain activation and functional asymmetry in frontal and temporal cortices. In FOXP2, SNPs rs6980093 and rs7799109 were associated with variations of activation in the left frontal cortex. In the KIAA0319/TTRAP/THEM2 locus, rs17243157 was associated with asymmetry in functional activation of the superior temporal sulcus (STS). Interestingly, healthy subjects bearing the KIAA0319/TTRAP/THEM2 variants previously identified as enhancing the risk of dyslexia showed a reduced left-hemispheric asymmetry of the STS. Our results confirm that both FOXP2 and KIAA0319/TTRAP/THEM2 genes play an important role in human language development, but probably through different cerebral pathways. The observed cortical effects mirror previous fMRI results in developmental language and reading disorders, and suggest that a continuum may exist between these pathologies and normal interindividual variability.
Introduction
Human language is under strong genetic influence, as indicated by familial studies of clinical populations affected by language impairment (LI) or by reading disability (dyslexia) (Pennington et al., 1991; DeFries, 1996; Stromswold, 2001) . A candidate gene for LI was first evidenced in members of the KE family affected by a missense mutation in FOXP2 gene (chromosome 7q31) that disrupts the DNA-binding site of the protein (Lai et al., 2001) . They exhibited severe speech and language deficits as well as orofacial dyspraxia (Vargha-Khadem et al., 1995) . Implication of FOXP2 in vocal communication in mice and songbird (Haesler et al., 2004; Shu et al., 2005) and evidence of an accelerated evolution specific to the human lineage (Enard et al., 2002) reinforced the interest for FOXP2 in relation to the evolution of human language. Since then, other point mutations were reported across FOXP2 (MacDermot et al., 2005; Fisher and Scharff, 2009 ) and recent studies suggest associations between FOXP2 singlenucleotide polymorphisms (SNPs) and speech sound disorders (Zhao et al., 2010) , schizophrenia (Sanjuán et al., 2006; Tolosa et al., 2010) or language skills (Peter et al., 2011) . Similarly, for developmental reading disabilities, linkage and association studies have pointed to several susceptibility loci (DYX1-9) (Caylak, 2007) . Among them, a limited number of risk allelic variations within the KIAA0319/TTRAP/THEM2 genes cluster on chromosome 6p22 have been reliably replicated in independent samples (Francks et al., 2004; Cope et al., 2005; Luciano et al., 2007; Paracchini et al., 2008; Newbury et al., 2011) . Functional studies of human cell-lines suggest that the risk haplotype for dyslexia which spans these genes alters reading abilities by down-regulating KIAA0319 expression .
However, no study attempted to test whether FOXP2 and KIAA0319/TTRAP/THEM2 polymorphisms are associated with detectable variations of brain activity in normal adults. To address this issue, we correlated FOXP2 and KIAA0319/TTRAP/ THEM2 polymorphisms with human fMRI activation maps acquired during written and spoken language comprehension tasks in 94 healthy adults. Considering our sample size, we focused our investigation on a priori regions of interest (ROI), both in the genome and in the cortex. For KIAA0319/TTRAP/THEM2, we investigated SNPs in strong linkage disequilibrium (LD) with those reported in the dyslexia literature, spanning a part of KIAA0319, the KIAA0319 promoter, TTRAP and the first THEM2 intron. For FOXP2, we explored all SNPs of exons 1-17, covering the entire coding region. In the cortex, three ROIs were defined according to neuroimaging studies of dyslexia and KE family. Two regions covered areas atypically activated during a covert language task in the affected KE family members (Liégeois et al., 2003) : the left inferior frontal gyrus (IFG) and the precentral and postcentral gyri. The third region, in the left lateral temporal lobe, broadly covered the site of reduced activation in dyslexics (Paulesu et al., 2001; Silani et al., 2005; Maisog et al., 2008) . We predicted that FOXP2 variants would correlates with activation during language processing in the frontal regions, while variants within KIAA0319/TTRAP/THEM2 locus would correlates with activation in the temporal region.
Materials and Methods
Subjects. The genetic and functional (fMRI) data used in this study come from a database of hundreds of subjects described in detail by Pinel et al. (2007) . Joint genetic and fMRI data were available for 94 independent subjects, mostly young Caucasian highly educated (48% of men, mean age ϭ 24.7 years old, 98% with high school diploma,). All subjects were right-handed (assessed by the Edinburgh inventory), native French speakers and they considered themselves as normal readers. Some of them (11%) reported attending speech therapy for less than one year during childhood for expression, pronunciation, orthographic or reading difficulties. However, examination of the scores from timed tests of reading (time to correctly read aloud as fast as possible a list of 20 words and 20 pseudowords, respectively) showed that subjects' performances were spread over a continuous distribution and that none could be considered as an outlier. All subjects gave their consent to enter the protocol.
MRI data. We used a 5-min-long functional localizer to isolate in a reliable way the individual correlates of covert sentence reading, speech listening, motor action and mental calculation (Pinel et al., 2007) . Ten short sentences were presented via visual and 10 via auditory stimulation in a random-like order among other tasks (motor instruction and arithmetic problems). Twenty flashing checkerboards served as control for the reading task. Sentences were displayed as four successive screens (250 ms) separated by 100 ms interval, and each composed of group of one to three words, resulting in 1.3 s of visual stimulation. Auditory stimuli were digitally recorded by a male speaker (resolution of 16 bits and sampling frequency of 22.05 kHz) and had a similar duration (1.2-1.7 s). A postscan debriefing ensured that subjects could read all sentences without difficulty.
Anatomical and fMRI data were acquired on two 3 Tesla scanners (74 subjects scanned on a Brucker 3T and 22 on a Siemens 3T) with a TR of 2400 ms and 34 slices of 4 mm thickness covering the whole brain. Images were preprocessed [realignment, normalization to the Montreal Neurological Institute (MNI) template, resampled voxel size to 3 mm, 5 mm smoothing] with SPM5 and analyzed according to the statistical parametric mapping (SPM) general linear model (hemodynamic response function plus its derivative). Activation analyses were based on the contrast between reading sentences versus viewing flashing checkerboards and speech listening versus rest. These tasks recruit large frontotemporal networks, strongly lateralized to the left hemisphere (Pinel and Dehaene, 2010) . We computed individual asymmetry maps from activation maps by subtracting, voxel by voxel, the activation of the right hemisphere from the corresponding one in the left hemisphere, after normalizing the right hemisphere onto the left one.
Brain regions of interest. Frontal ROIs were defined on an anatomical basis using the WFU PickAtlas Tool (Maldjian et al., 2003) , based on a prior neuroimaging study of KE family members in a covert language task (Liégeois et al., 2003) . We only considered the brain regions reported in that study which passed a significance threshold of p Ͻ 0.05 corrected for multiple comparisons across the brain volume. We therefore did not consider other reported anomalies, in particular subcortical areas, although these regions are important candidates for further research.
The IFG ROI was based on the union of the pars opercularis, triangularis and orbitalis regions (covering 1723 voxels). The superior frontal ROI was based on the union of precentral and postcentral gyri (2847 voxels). This choice was made to take into account the proximity of precentral location reported by Liégeois et al. (2003) with the central sulcus. Finally, the left lateral temporal ROI, was constructed from the union of three spheres (radius 12 mm) centered at temporal-lobe foci where a significant difference of activation had been detected between individuals with dyslexia and controls during a reading task (Paulesu et al., 2001 ). The peaks were at coordinates Ϫ54, Ϫ50, 14 (mm) in the superior temporal gyrus, Ϫ60, Ϫ56, 0 in the middle temporal gyrus and Ϫ52, Ϫ60, Ϫ14 in the inferior temporal gyrus. To match brain cortical structures, this ROI was further intersected with a statistical image of the subjects' gray matter (composed by voxels common to 50% or more of the subjects' individual segmented gray matter images), resulting in a 1430 voxels region.
Genetic material. Subjects' saliva was collected with the DNA collection kit (OG-250) from DNA Genotek. DNA was extracted according the manufacturer's instruction. An important aspect for increasing the quality of the high-throughput DNA genotyping was to collect DNA in a small volume of 200 l of TE10:1. DNA samples were transferred to the French Centre National de Génotypage for genotyping. Samples that passed DNA quality control were genotyped with Illumina Human 1M Duo BeadChips which contain 1,199,187 markers for SNPs analyses. Samples were processed according to the manufacturer protocol. Genotypes data were generated using Illumina's BeadStudio software. Only samples that had been successfully genotyped for Ͼ98% of the SNP markers were retained. SNPs with call rates of Ͻ98%, or showing departure from Hardy-Weinberg equilibrium ( p Ͻ 10 Ϫ6 ) were excluded. In our results, genomic position is given according to NCBI build 36, dbSNP b126.
Genetic regions of interest. Within the KIAA0319/TTRAP/THEM2 locus we limited our investigation to the regions that have been repetitively found associated with dyslexia susceptibility and reading skills. It was defined by two haplotypes blocks characterized with Haploview 4.2 from our sample, which included SNPs where strong associations with reading-related measures were reported. The first region covers partially KIAA0319 gene and the KIAA0319/TTRAP intergenic region where strong associations with a reading score were reported, among others, for rs2235676 and rs9467247 within a dense cluster of associations (Francks et al., 2004) , rs3212236 (Harold et al., 2006; Dennis et al., 2009; Newbury et al., 2011) and rs9461045 (Dennis et al., 2009 ). The second region covers the TTRAP and a part of THEM2 gene where associations were reported for rs2143340 (Francks et al., 2004; Cope et al., 2005; Luciano et al., 2007; Dennis et al., 2009 ), rs3756819 (Paracchini et al., 2008; Rice et al., 2009) , and rs1061925 (Francks et al., 2004) . Finally, recent significant associations with normal variation in reading and spelling ability have been found with a haplotype spanning KIAA0319 and TTRAP (Luciano et al., 2007; Paracchini et al., 2008) . The complete list of SNPs included in our analysis was the following: rs3756821, rs9461045, rs707887, rs1047782, rs3087943, rs3181244, rs1129644, rs3212232, rs3212231, rs3756819, rs1061925, rs17243157, 3181227, rs2223588, rs6928074, rs9461049, rs926529, rs1885211 (in fact, some SNP variations were in perfect linkage disequilibrium, resulting in 15 genuine polymorphisms). In a second step, we aimed to test whether the genetic/fMRI associations that we found could be extended to the SNPs reported from the litera-ture. Because most of them were not present in the Illumina BeadChips, we performed imputation using MACH1 software (Li et al., 2010) , with 100 iterations, with a sample of 195 healthy individuals of Caucasian ancestry, including the 94 individuals published in the present study. The reference panel was CEU individuals (European ancestry) of the 1000 Genomes Project (Durbin et al., 2010) downloaded from the MACH1 website (data generated in June 2010).
For the FOXP2 gene, loci of tentative SNP associations are more widespread. The three most reliable SNPs, reported in at least two independent cohorts are located from position 113.5 Mb up to 114.0 Mb: rs923875 and rs2396722 were first reported in a haplotype associated with schizophrenia (Sanjuán et al., 2006) . Recently, rs923875 was also reported in association with behavioral word reading efficiency and finger motor sequencing tests (Peter et al., 2011) while rs2396722 was associated with speech sound disorders in a cohort of 150 patients (Zhao et al., 2010) . The SNP rs17137124 has been associated with Specific Language Impairment (Rice et al., 2009 ) and with modulation of frontal degeneration in elderly subjects (Padovani et al., 2010) . The other published SNP associations were located in the same range of positions. In a more exploratory approach, we therefore considered all the SNPs of FOXP2, based on the GenBank accession number AF337817 used by Lai et al. (2001) covering all exons 1-17: rs6942634, rs2894699, rs1476535, rs10255943, rs10486026, rs10261780, rs10262103, rs4727799, rs17312686, rs2106900, rs17312861, rs10249234, rs12113612, rs10266297, rs10279936, rs6980093, rs7784315, rs7799109, rs12532920, rs17137124, rs10269986, rs7812028, rs17137135, rs1229761, rs1229758, rs12705966, rs10230087, rs7782412, rs1456029, rs12670585, rs6966051, rs17213159, rs1378771, rs12705971, rs12705973, rs2396766, rs12671330 (24 nonidentical polymorphisms) . Imputation was also performed on this chromosome, as described above.
Individual SNP association with fMRI activation. For each SNP, subjects were grouped according to their allelic status: homozygous for the major allele, heterozygous, or homozygous for the minor allele. In agreement with common neuroimaging standards, groups were considered only if they contained a minimum of 12 subjects, resulting in either two or three groups of subjects for each SNP. The fMRI activation maps and asymmetry maps were entered in SPM models with groups as the variables of interest and scanner as a covariate. Statistical mapping was restricted to a gray matter mask (bilateral for activation images and lefthemisphere only, without loss of generality, for asymmetry images).
The F test across groups was used to identify voxels with a significant genetic effect for the given SNP. The search for significant voxels was restricted to the above-defined ROIs. Statistical significance was asserted by permutation tests: we compared the size of each voxel's F test with the distribution of the maximum F value observed in 10,000 random shuffles of the subjects within the corresponding ROI, and considered as significant the voxels with an observed F value exceeding 95% of this random distribution. Thus, any voxel passing this criterion can be considered as significant at p Ͻ 0.05, corrected for the size of the restricted brain volume that was searched.
After identifying the voxels significantly associated with a given SNP, we summarized the overall effect of a given SNP in a given ROI by summing, for all significant voxels in this ROI, the values of Ϫlog 10 ( p) where p is the significance of the individual voxel. The outcome was an overall estimate of the effect size of the given SNP, combining both the number of significant voxels and their individual significance level into a single quantity (Fisher, 1950; Benson et al., 1999) . The significance of this quantity was again estimated by permutation testing: we compared the observed effect size with the distribution of the maximal effect size observed in 10,000 random shuffles of the subjects. An effect was deemed significant at a corrected level if the effect size exceeded 95% of this distribution ( p Ͻ 0.05).
To further correct for the total number of SNPs tested, we applied a multiple-testing correction that accounts for physical LD among SNPs (Gao et al., 2008 . This was done using the SimpleM software, which estimates the effective number of tests (M eff ) from a principal component analysis of the LD structures. M eff reported here corresponds to the eigenvalues that explain 99.5% of the SNPs variation in our genetic ROIs. In our analysis, the total M eff correction applied to each p-value equaled 26 (16 for FOXP2 and 10 for the KIAA0319/TTRAP/THEM2 locus). Additionally, we also report a more stringent Bonferroni correction that requests effect size to exceed 1 Ϫ ␣/n percent of the random distribution, where ␣ ϭ 0.05 and n is the number of nonidentical SNPs explored (24 for FOXP2 and 15 for the KIAA0319/TTRAP/THEM2 locus, for a total Bonferroni correction n ϭ 39). This approach is more conservative given that it does not consider the high correlation of nearby SNPs.
Results
The activations evoked by the reading task covered the left IFG and precentral gyri, bilateral anterior and posterior middle and superior temporal gyri and left fusiform gyrus (see detailed description of the networks and its asymmetry by Pinel et al., 2007; Pinel and Dehaene, 2010) . All of these areas presented a strong left hemispheric lateralization.
Five SNPs of FOXP2 (in intron 2 and 3) were significantly associated with reading activation in two frontal regions, while one SNPs of the KIAA0319/TTRAP/THEM2 locus, located within THEM2, was associated with the asymmetry of activation in the temporal lobe (Fig. 1 ). All these SNPs survived the M eff correction, and only two FOXP2 SNPs did not survive the Bonferroni correction. Figure 2a shows the location of these effects for the three most significant SNPs: rs6980093 and rs7784315 in FOXP2 and rs17243157 in THEM2 (given that rs7784315 and rs17137135 in FOXP2 exhibit the same degree of significance, we only considered the first SNP in our analyses). Although we explored rather large cortical ROIs, the two FOXP2 SNPs correlated with fMRI activation only at two restricted cortical sites in the left IFG and the dorsal part of left precentral gyrus (PG). Even though our reading paradigm differs from the covert verb generation task used by Liégeois et al. (2003) , both of these frontal sites fell close (respectively 6.7 mm and 13.7 mm) to the fMRI activation anomalies previously identified in the KE family. Likewise, for the THEM2 SNP, the correlation with fMRI activation during reading was seen at a cortical site in the posterior superior temporal sulcus (pSTS) which corresponds tightly to the dominant site of functional and anatomical anomalies in dyslexia. To test whether these genetic effects were specific to our brain ROIs during the reading task, we expanded the analysis to the whole-brain level. Figure 3 shows the sum of all binarized SNPs' F test maps along FOXP2 and the KIAA0319/TTRAP/THEM2 locus, thresholded with a cluster size correction to avoid removing smaller effects as might occur with a too stringent voxel-based correction. This showed no major additional brain effects of these SNPs, as the genetic effects remained primarily centered on the left IFG, PG, and pSTS within the reading networks activated by our paradigm.
To further validate the double dissociation between FOXP2 and KIAA0319/TTRAP/THEM2 locus, we tested whether the association of a given polymorphism remained significant once the effect of the others were controlled for. Thus, we performed two additional SPM analyses, either on fMRI activation or on asymmetry maps, using an additive model with three joint predictors corresponding to the alleles of the three isolated SNPs (85 subjects remained after exclusion of allelic subgroups with Ͻ12 subjects for a given SNP polymorphism). The association of FOXP2 SNP rs6980093 (AA Ͼ GG) with activation in the left IFG remained significant (t 85 ϭ 4.64, voxel p ϭ 0.009 corrected for the corresponding ROI). The association of FOXP2 SNP rs7784315 (TC Ͼ TT) with precentral activation was also significant (t 85 ϭ 5.03, voxel p ϭ 0.003 corrected for the corresponding ROI). Finally the association of the THEM2 SNP rs17243157 (CC Ͼ TC) with func-tional asymmetry was still significant in the temporal ROI (t 85 ϭ 4.43, voxel p ϭ 0.017 corrected for the corresponding ROI).
To better understand the fMRI/SNP associations, we examined how profiles of fMRI activation vary with allelic status at the relevant cortical peaks in both hemispheres, both during the reading task and during an independent speech listening task (Fig. 2b) . FOXP2 rs6980093 polymorphism was associated with differences in IFG. Higher levels of activation where found associated with A allele, not only during the reading condition originally used to identify this peak (F (2,90) ϭ 12.89, p ϭ 1.2 ϫ 10 Ϫ5 ) but also during speech listening (F (2,90) ϭ 3.32, p ϭ 0.040), suggesting an effect on abstract supramodal language processes. Both effects were bilateral (no hemisphere ϫ allele interaction). On the contrary, FOXP2 rs7784315 polymorphism was associated with variations of precentral activation during reading only (F (1,91) ϭ 19.76,p ϭ 2.4 ϫ 10 Ϫ5 ) with higher activation for TC compared with TT genotype. This significant left-lateralization (hemisphere ϫ allele, p ϭ 0.002) and absence of effect in the listening condition are likely to reflect an association with more peripheral aspects of reading such as covert articulation. Finally, the THEM2 rs17243157 was strongly associated with asymmetry of the pSTS activation during reading (hemisphere ϫ allele interaction F (2,90) ϭ 20.07, p ϭ 2.2 ϫ 10 Ϫ5 , higher hemispheric difference for CC compared with TC genotype), with a significant effect on the left hemisphere (F (1,90) ϭ 10.59, p ϭ 0.002, higher activation for CC compared with TC genotype) during reading and a small effect in the same direction during speech listening (F (1,90) ϭ 3.33, p ϭ 0.036, one-tailed). Both its cortical localization and its joint activation during reading and listening tasks are compatible with a contribution to phonological processing.
We then expanded our exploration of genetic associations with the frontal and temporal peaks to larger segments surrounding our original candidate genes. This analysis revealed that effects were restricted to the isolated SNPs and rarely passed a -log 10 ( p) value of 2 (Fig. 2c) . Imputation allowed us to obtain a more detailed description of association within the KIAA0319/ TTRAP/THEM2 locus (Fig. 4) and to test candidate SNPs from the literature. SPM5 analyses were performed for imputed polymorphisms comprising the Illumina BeadChips' SNPs and variants from the 1000 Genomes Project (Durbin et al., 2010) . At the temporal peak, associations were found with rs3181244, rs2143340, rs3756819, rs1061925 and rs17243157, which were previously associated with reading skills (Francks et al., 2004; Cope et al., 2005; Luciano et al., 2007; Paracchini et al., 2008; Dennis et al., 2009; Rice et al., 2009 ). The peak of association (Ϫlog 10 (p) ϭ 5.11) was found at position 24777721 (labeled chr6:24777721 in the 1000 Genomes Project). After genotype correction by Sanger sequencing of this SNP (successful on 86 individual, 7% of errors in imputed data), a high but lower significance was finally found (Ϫlog 10 (p) ϭ 4.09) and reported in Figure 4 (first SNP right to rs17243157). Because several SNPs were in high LD, we could isolate a haplotype block (r 2 Ͼ 0.44 in our larger European population of 195 subjects) that covers genes KIAA0319, TTRAP and THEM2. This analysis shows that the second most frequent haplotype (11.7% of Europeans), includes a combination of alleles here associated in independent tests with a reduced pSTS asymmetry (Fig. 4) . This allelic combination corresponds precisely to the risk alleles previously associated with dyslexia.
For the FOXP2 gene, similar examination of fMRI/genetic associations at the two frontal peaks around rs6980093 and rs7784315 reveal that they belong to two different haplotype blocks (Fig. 5) . First, the SNP rs7784315, associated with the precentral activation, is in high LD with SNPs covering the alternatively spliced exon 3b, and nearby exons 3a and 4, which are predicted to introduce stop and start codons, respectively (Fig. 5,  top) . Second, the SNP rs6980093 is in high LD with SNPs covering various exons (1-3a) and transcription start sites at exons 1, 1b and 2 (Fig. 5, bottom) with a maximal association peak around exons 2b-3a. The second haplotype block (r 2 Ͼ 0.75) encompasses two genetic variants of FOXP2 recently reported as being associated with articulation scores (rs12533005) (Peter et al., 2011) and schizophrenia (rs2396753) (Sanjuán et al., 2006) . The haplotype block formed by the three SNPs suggest that the first most frequent haplotype in the European population (49.9%) is composed by risk alleles of rs12533005, rs2396753 and the A allele of rs6980093. Interestingly, rs6980093 is also in high LD (in our group of 195 subjects with European ancestry) with rs17137124 (r 2 ϭ 0.50) which have been reported to modulate frontal degeneration in elderly subjects (Padovani et al., 2010) , and two other SNPs, rs10230558 and rs7782412, which have been associated with reduced score in word reading tasks (Peter et al., 2011) , although these SNPs did not show any association with fMRI data in the present sample.
Discussion
Twin studies demonstrated that interindividual variability in language skills rests in part on a genetic basis (Stromswold, 2001 ).
We showed that a similar variability exists at the cortical level and can be partially related to distinct genetic sites, even within a single reading task. Our relatively small sample size prevented us to explore the entire genome. Instead, we selected two candidate genetic regions located in FOXP2 and in the upstream regions of KIAA0319 which are consistently involved in pathologies of language development and for which functional pathways have been proposed (Galaburda et al., 2006; Fisher and Scharff, 2009) . We found two FOXP2 SNPs associated with bilateral inferior frontal activity (rs6980093) and with left precentral activity (rs7784315), respectively, and a SNP within the KIAA0319/TTRAP/THEM2 locus (rs17243157) associated with temporal functional asymmetry.
The KIAA0319/TTRAP/THEM2 locus and temporal lateralization Association with the pSTS functional lateralization for language was found in a THEM2 SNP rs17243157 at a cortical peak that fits with cerebral anomalies described in dyslexia. Indeed, reduced superior temporal anatomical asymmetry is predictive of reading disability (Galaburda et al., 1985; Leonard et al., 2001 ) and a recent meta-analysis isolated the strongest functional anomalies in dyslexia within the left inferior and lateral temporal lobe (Maisog et al., 2008) .
The observed SNP shares a common haplotype block with other variants of THEM2, TTRAP and KIAA0319, making difficult to dissociate their effects. Independent fMRI/SNP association tests showed that alleles associated with lower STS asymmetry constitute a combination of variants that corresponds tightly to the risk alleles for dyslexia. It contains alleles that downregulates KIAA0319 expression, in particular the functional variant rs9461045 which creates a nuclear protein-binding site for transcription factor (Dennis et al., 2009 ). This downregulation affects neuronal migration , providing a putative biological mechanism for the anatomical anomalies found in the brain of dyslexic patients (Galaburda et al., 1985) . Such a mechanism may also contribute to variations in functional pSTS asymmetry which may, in turn, relate to normal interindividual variations in reading and spelling abilities (Luciano et al., 2007; Paracchini et al., 2008) . These results suggest that similar genetic variants may contribute to both normal interindividual variability and dyslexia, dyslexic subjects lying below an arbitrary cutoff of a continuous distribution of reading scores (Shaywitz et al., 1992) .
Interestingly, the association with the KIAA0319/TTRAP/ THEM2 variants generalized to the speech listening task, suggesting that the effect is not unique to reading and might arise from a modulation of phonological processes. This finding fits with the reported correlation between underactivation of the superior temporal gyrus in dyslexics during speech listening, phonemic awareness scores, and atypical activation at this site during a sound/letter matching task (Blau et al., 2009 ). We tentatively hypothesize that KIAA0319 plays a role in the lateralization of phonemic processing in the pSTS. Since human newborns already present a left-hemispheric functional STS asymmetry for speech (Dehaene-Lambertz et al., 2002; Bernal et al., 2010) , such a genetic influence is likely to occur early in life.
The FOXP2 gene and frontal language-related activation FOXP2 associations were found with left frontal areas, nearby the cortical anomalies reported in the KE family (Liégeois et al., 2003) . Activation profiles suggest that the IFG associated with FOXP2 polymorphism, close to Broca area, is involved in both language perception and production while the precentral site, which lies in a primary motor cortex region involved in lips and larynx motor representation (Brown et al., 2009) , is likely related to articulation processes. Our findings may thus help to disentangle the coexistence of both linguistic and articulation deficits in these patients (Vargha-Khadem et al., 1995 , 1998 . A more common form of developmental LI termed Specific Language Impairment (SLI) has been associated to additional genetic loci (Bartlett et al., 2002; SLIC, 2004) . The small number of functional neuroimaging studies and the heterogeneity of the patients groups make difficult to draw consensual conclusions about brain correlates of SLI. However, anomalies in the IFG were also reported in brain anatomy (Gauger et al., 1997; De Fossé et al., 2004; Leonard et al., 2006) and in event-related potential studies: grammatical-SLI patients showed an absence of early left anterior negativity during syntactic violations (Fonteneau and van der Lely, 2008) and SLI children presented an absence of early right anterior negativity during music syntax processing (Jentschke et al., 2008) . Thus, IFG appears crucial in language pathologies and may be a promising candidate endophenotype in the search for new genetic associations.
Interestingly, the allele rs6980093(A), associated with greater IFG activation during reading, forms a haplotype block with rs12533005(G), reported at risk in a rapid articulation task performed by normal readers (Peter et al., 2011) . This block also includes allele rs2396753(G), reported in a risk haplotype for schizophrenia (Sanjuán et al., 2006) . These observations are consistent and converge to the risk alleles combination rs12533005(G)/ rs2396753(G)/rs6980093(A). Additionally, rs6980093 is in high LD with one of the most reliable FOXP2 SNP, rs17137124, associated with phonological fluency and severity of degeneration of the inferior and dorsolateral frontal areas in elderly patients (Pado- Figure 4 . Convergence of the DYX2 genetic variants for lower asymmetry in the pSTS with the risk haplotype for dyslexia identified in previous studies (Francks et al., 2004; Cope et al., 2005; Harold et al., 2006; Luciano et al., 2007; Paracchini et al., 2008; Dennis et al., 2009; Rice et al., 2009; Newbury et al., 2011) . On the left is displayed a zoomed view within the KIAA0319/TTRAP/THEM2 region of the observed genetic association with functional pSTS asymmetry. The significance of the association at the STS peak (Ϫlog 10 ( p)) is reported for the genotyped SNP (circles) as well as for the imputed SNPs (triangles). Black labels correspond to the SNPs showing an association with pSTS asymmetry at the voxel level isolated in our study, blue labels correspond to the candidate SNPs reported in a previous publication (Peter et al., 2011) . Dots colors refer to the r 2 linkage disequilibrium value estimated between each SNP and the reference SNP (violet diamond). r 2 was estimated from data of the 1000 Genomes Project (June 2010 CEU; Durbin et al., 2010) . Other annotations are described in Figure 2c . The table on the right shows the most frequent haplotypes corresponding to the labeled SNPs, ordered by their frequency. Underlined letters indicate alleles previously associated with a risk of dyslexia and red letter alleles associated with a lower pSTS asymmetry. vani et al., 2010) . This reinforces the conclusion that the development or operation of frontal language-related circuitry is altered by FOXP2 variants.
Contrary to the KIAA0319/TTRAP/THEM2 SNPs, no functional molecular mechanism has been proposed yet for the variants identified in FOXP2. However, they are in high LD with intronic SNPs covering a highly conserved nongenic region which comprised alternatively spliced exons (exons 3a and 3b) and lies in the vicinity of a putative promoter region (exons 1-1b). Alternative transcription start sites 1/1b show greater cellline specificity than those located in exons S1 and 2 (Schroeder and Myers, 2008) and produce alternative FOXP2 isoforms preferentially expressed, within the brain, in the thalamus (Sestan Lab Human Brain Atlas Microarrays), an important region for language and sensorimotor corticosubcortical loops (Haesler et al., 2004; Vargha-Khadem et al., 2005) . Exon 3b adds 25 aa to the protein (Bruce and Margolis, 2002) . These exons might allow the production of specific mRNA isoforms during development, possibly encoding different proteins, and thus putatively affect local subregions of language networks. Further studies are clearly Fig. 4 ). In the center are displayed the extents of the zoomed views relative to the exon structure of FOXP2. Full rectangles indicate translated exons and empty rectangles indicate untranslated exons. Red color indicates alternatively spliced exons. Arrows designate suggested transcription start sites. The two start codons (ATG) are indicated on exons 2 and 4, and stop codons (TAA, TGA, TAG) are indicated on alternatively splices exons 2b, 3a, 10ϩ, and 17 (adapted from Schroeder and Myers, 2008) . In the top is displayed the zoom on the FOXP2 locus associated with left precentral activity. Labels of exons covered by the locus are reported below. In the bottom is displayed the zoom on FOXP2 locus associated with left inferior frontal activity. We reported SNPs from the literature (blue label) that showed a trend of association with the cerebral phenotype ((Ϫlog 10 ( p) Ͼ 2): rs12533005 (Peter et al., 2010) , rs2396753 (Sanjuán et al., 2006; Tolosa et al., 2010) , and rs1456031 (Sanjuán et al., 2006) . Labels of exons covered by the locus are reported below. The table on the right shows the most frequent haplotypes corresponding to candidate SNPs in high LD with rs6980093. Underlined letters indicate alleles previously associated with a risk low articulation score for rs12533005 (Peter et al., 2010) and schizophrenia for rs2396753 (Sanjuán et al., 2006; Tolosa et al., 2010) , and red letters indicate alleles associated with a higher IFG activation in the present study.
needed to identify the functionally relevant SNPs in these FOXP2 haplotype blocks, and to study whether they impact on gene expression or protein production.
Perspectives onto SLI and dyslexia SLI were primarily investigated as a deficit in oral language comprehension and production, while studies on dyslexia largely focused on the phonological deficit hypothesis. However, frequent cases of comorbidity between dyslexia and SLI (McArthur et al., 2000) raise the issue of whether these developmental disorders really reflect distinct cerebral abnormalities. Additionally, the nonhomogeneity of clinical groups may compromise the identification of cerebral and genetic markers associated with SLI or dyslexia. Considering these issues, Leonard and collaborators studied a pooled set of children characterized by deficits in oral language and reading and concluded that SLI and dyslexic subjects lie at the two extremities of the distribution of an anatomical index that characterizes brain volume and temporal asymmetry (Leonard et al., 2002 (Leonard et al., , 2006 . The present cortical doubledissociation of genetic determinants of SLI and dyslexia in typically developed individuals confirms their distinct contributions to the construction of the language network and supports the hypothesis that SLI and dyslexia may be, at least partially, distinct impairments (Bishop and Snowling, 2004) , although the genetic and neuroimaging correlates of normal interindividual variability may be different from those underlying severe impairments.
Limitations of our study
We only explored a limited number of brain regions. It is possible that the variations of activation we observed are only secondary consequences of changes in other brain structures not imaged in our task, such as subcortical nuclei. For instance, voxel-based morphometry of affected K.E family members showed reduced gray matter density in IFG and left supplementary motor area but also in the cerebellum and the caudate nucleus (Watkins et al., 2002) . Moreover, FOXP2 encodes a multidomain transcription factor that regulates various genetic pathways, and is expressed not only in the cortex, but also in thalamic nuclei and basal ganglia (Vargha-Khadem et al., 2005) . Our correlational method does not exclude that the observed effects may be due to an indirect and possibly multiple causal chains, especially in adult subjects with a long brain development, education, and possible compensation for early deficits.
In conclusion, this study shows the feasibility of detecting genetic variants relevant for language disabilities from individual brain variations present in healthy populations. Using larger samples, this method could be expanded to wider segments of the genome, thus helping to identify other genes likely to contribute to normal and impaired language development. In particular, future studies should investigate genes whose expression is regulated by FOXP2 Vernes et al., 2007; Konopka et al., 2009) , such as CNTNAP2 (Vernes et al., 2008) , and other candidate genes associated with dyslexia susceptibility (DCDC2, ROBO1, DYX1C1).
